ABSTRACT High-resistance state (HRS) current has significant effect on the reliability and power consumption of resistive switching memories. Low HRS current is helpful for obtaining ultra-low power and for high ON/OFF ratio nonvolatile memory application. The reduced HRS current of a sol-gel magnesium titanate nickelate-based resistive random access memory by using nickel (II) acetylacetone as substitute for acetylacetone in magnesium titanate (MTO) was presented. Forming-free, high ON/OFF ratio of over 10 6 , excellent current distribution and good retention at 85 • C were achieved. Moreover, the effect of nickel (Ni) on the surface roughness, operation voltage, switching cycles, HRS current, ON/OFF ratio, current distribution, and switching behavior was explored. These results indicate that the incorporation of Ni in sol-gel MTO is an effective way to achieve high-performance memory devices.
I. INTRODUCTION
Various nonvolatile memories (NVMs), such as magnetic memory, phase change memory, and resistive random access memory (RRAM) have been proposed to overcome the scaling limitation of conventional flash memory. RRAM is considered one of the most promising candidates for nextgeneration NVM applications, because of its low power operation, simple structure, high-density integration, and high speed operation [1] . Although non-volatility eliminates standby power consumption, the leakage current through the RRAM during run time depends on the high resistance state (HRS) value [2] . The large HRS current may result in poor switching characteristics, such as large power consumption. Thus, choosing a suitable material to reduce the HRS current is an important issue of RRAM devices for future ultra-low power NVN application. A high ON/OFF ratio can be easily achieved by reducing the HRS current [3] . The high ON/OFF ratio is generally beneficial to easily read the memory states; and to minimize the efforts of a periphery circuit to distinguish the storage information [4] .
Until now, although some materials exhibit an excellent ON/OFF ratio of over 10 4 , they require the forming process and suffer from poor resistance distribution [5] , [6] . The forming voltage is usually far higher than the set and reset voltage, which is harmful to the practical application of a device, and cause the design of a circuit to be more complex. In addition, the filamentary switching exhibits a natural fluctuation, which leads to the non-uniformity of resistive switching parameters [7] . The uniformity of switching parameters distribution may limit further memory array realization.
Many methods (i.e., inserting a thin metal layer, high temperature annealing, doping impurities, etc.) have been proposed to solve the above issues. In our previous studies [8] , [9] , a good memory device performance can be achieved by using nickel (Ni) (II) acetylacetone as substitute for acetylacetone. Nevertheless, the effect of Ni on the resistive switching behavior of sol-gel material-based RRAM has not yet been discussed in detail.
Ni (II) acetylacetone possesses two pairs of bidentate ligands (BL) with symmetric structure [10] . Hwang et al. reported that the two pairs of BL can provide an extremely low polymerization rate for smooth roughness. The smooth roughness facilitates the stable resistive switching of RRAM device [11] . In addition, Ni can act as clusters and plays a critical role in the formation/rupture of cone-shaped conductive paths during resistive switching, which promotes the local alignment of oxygen vacancies among metallic-Ni clusters [12] . Thus, the distribution of switching parameters can be enhanced. A low HRS current can also be achieved because of the Ni can also trap the electrons that are released by the intrinsic oxygen vacancy, thus, leading to the decrease of HRS current of the memory device. Clearly, it gives many advantages to the device performance, such as stable resistive switching, low HRS current, and uniform current distribution.
Among the materials, the thermo-stability and leakage current characteristics of magnesium titanate (MTO) thin films have also attracted great interest [13] . MTO is a well-documented low-loss dielectric commonly used in microwave dielectrics [14] , [15] , and its high-frequency electrical behavior is beneficial for high-speed nonvolatile memory applications. However, the performance of RRAM applications may need further improvements. As previously mentioned, the incorporation of Ni in MTO may greatly enhance memory performance, and thus it warrants further studies.
In this work, the sol-gel magnesium titanate nickelate (MTN)-based resistive random access memory (RRAM) that uses Ni (II) acetylacetone as substitute for acetylacetone was investigated. The control device (Al/MTO/ITO) was simultaneously fabricated for comparison. The low-temperature sol-gel method can offer sufficient defects, thus, no forming process was achieved. Forming-free is vital to simplify the circuit design [16] , [17] . Accordingly, forming-free and uniform current distribution were achieved in the sol-gel MTN-based RRAM devices, with low HRS current, high ON/OFF ratio of over 10 6 , and good retention.
II. DEVICE STRUCTURE AND FABRICATION
The solution-processed MTO film was prepared as follows: First, magnesium acetate was added to glacial acetic acid to obtain solution A. Second, Ti isopropoxide was mixed with acetylacetone and then dissolved in 2-methoxythanol to produce solution B. Solutions A and B were then mixed. The MTN solution was synthesized as follows: First, an appropriate amount of magnesium acetate was added to glacial acetic acid to obtain solution A. Second, Ti isopropoxide was dissolved into 2-methoxythanol to produce solution B. Nickel (II) acetylacetone was then added to the acetylacetone to generate solution C. Finally, solutions A, B, and C were mixed. The MTN and MTO films were deposited by spin coating onto the ITO/glass substrate and then baked at 100 • C for 15 min. The top electrode contained an aluminum (Al) film with a diameter of 3 mm 2 .
III. RESULTS AND DISCUSSION
Figs. 1(a) and (b) illustrate the transmission electron microscopy (TEM) cross-section of MTO and MTN thin Based on the XPS quantitative analysis of the MTO thin film, the atomic percentage of magnesium, titanium, and oxygen were obtained as 9.2%, 21.2%, and 69.6%, respectively.
The atomic percentages of magnesium, titanium, nickel, and oxygen were obtained (15%, 13.9%, 13.4%, and 57.7%, respectively). The Ni2p XPS spectrum is depicted in Fig. 2 . Multiple Ni-O bonding states, i.e., Ni 2+ , and Ni 3+ oxidation states, are observed, thus implying that a substantial amount of oxygen vacancies exits through the MTN layer [18] . The Ni atoms in the metallic state (i.e., Ni 0 ) were also observed. Using the Ni (II) acetylacetone as substitute for acetylacetone may affect the surface morphology of the thin film. Based on Lewis et al.'s patent [19] , a larger active energy accompanied with a lower possibility of effective reaction molecules can be observed in the symmetric structure with two pairs of BLs, resulting in a smooth surface. The atomic force microscopy (AFM) was used to explore the surface morphologies of MTO and MTN thin films. AFM analysis 322 VOLUME 4, NO. 5, SEPTEMBER 2016 was performed to obtain the average roughness, (R a or S a : average deviation of all points of the roughness profile from a mean line over the evaluation length), root-mean-square roughness (R q or S q : average of the measured height deviations taken within the evolution length and measured from the mean line), and the maximum peak-to-valley height values (R y or S y : largest single peak-to valley height in five adjoining sampling heights as two contributions from the lattice oxygen and non-lattice oxygen. The binding energy of lattice oxygen is around 530 eV, which typically results from the O 2− ions bonding with Mg and Ti ions. The non-lattice oxygen in both MTO and MTN thin films has almost equal binding energy of around 532 eV. The ratio of non-lattice oxygen is proportional to the amount of oxygen vacancies. The density of the oxygen vacancy (V O /O Total ) slightly increases from 44% to 48% after adding Ni. This finding can be explained by the charge compensation mechanism, which keeps the sample electrically neutral as Ni ions in MTN fluctuates between two valence states of +2 and +3. The incorporation of Ni into MTO leads to the creation of oxygen vacancies within the MTN thin film. The oxygen vacancies are then introduced as charge-compensating defects to maintain electron neutrality [20] . The formation of oxygen vacancy can be described as follows:
where O x O is the oxygen ion, V ·· O is the oxygen vacancy, and e − is the electron.
Ni ions act as acceptors in the MTN thin films and thus form positively charged trapping centers in the band gap. The trapping process can be described as follows:
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where Ni x Ti is the Ni that replaces Ti ions and the reduced Ni atoms as trapping centers with one (or two) positive charge. Therefore, the generated electrons in (1) are preferentially trapped at the Ni atomic sites. Ni is able to trap the electrons that are released by the intrinsic oxygen vacancy, and thus causes the reduced concentration of electrons. This leads to the conductivity of the MTN thin film is decreased [4] , [21] . Therefore, reducing the HRS current in the MTN thin film is helpful.
FIGURE 5. Normalized XPS spectra for O1s in the MTO and MTN thin films, respectively.
On the other hand, according to thermionic emission theory, the saturation current at the low voltage of 0.5 V is related to the Schottky barrier heights by the following equation:
where A is the electrode area, A * is the Richardson constant, T is the absolute temperature, k B is the Boltzmann constant, and B is the barrier height. B,MTO and B,MTN are the barrier height of the MTO and the MTN, respectively. For simplicity, the ratio of B,MTN / B,MTO was calculated to estimate the decreased or increased barrier height after using Ni in MTO. Inset of Fig. 4(a) shows the relative band structure of the Al//MTO/ITO. Multiple Ni-O bonding states are observed from Fig. 2 , implying the nickel oxide (NiO) existed in the MTN thin film. The band gap of NiO and MTO is 3.2 and 5.8 eV, respectively. The conduction band (E c ) and the valence band (E v ) of NiO are around −2.6 and 0.6 V versus the normal hydrogen electrode (NHE) and those of MTO are around −1 and 4.8 V, respectively. In general, due to the E c of NiO was higher than that of the MTO, the MTO can be used as a base material with addition of NiO for increasing the E c of MTN. In addition, the ratio of B,MTN / B,MTO deduced from (3) was around 1.2 and implied the higher barrier height of MTN as expected. The increased barrier height of MTN may be another main reason for the lower HRS current, as shown in the inset of Fig. 4(b) . The reduced HRS current favors a high ON/OFF ratio. The reduction of the set/reset voltage of the incorporation of Ni into MTO can be attributed to the following hypothesis. The set/reset voltage is not determined by the bandgap of the insulator but strongly depends on the resistive switching mechanism. In the set process, due to the oxygen vacancy induced by the electrical field [22] , the conducting filament paths between the two terminal electrodes can be formed. The formation of a conductive filament can also be confirmed by the fitting results in the low resistance state (LRS) (Fig. 6) , which show the ohmic conduction behavior with a slope of around 1. Based on the result of Fig. 5 , the phenomenon that the density of the oxygen vacancy slightly increases after adding Ni was similar to the ion doping in ZrO 2 layer slightly decreases the oxygen vacancy formation energy [23] . The oxygen vacancy increases, indicating the oxygen vacancy formation energy can be reduced. Thus, the reduced oxygen vacancy formation energy causes the increased oxygen vacancy generation probability in the same electrical field, and further reduce the required voltage to form the conductive filaments. In the reset process, the oxygen vacancies are recombined with oxygen ions, resulting in the rupture of filament paths.
The higher migration velocity of oxygen ions causes the increased the rate of oxygen vacancies combined with oxygen ions [24] , [25] , and the filament paths are easily ruptured. Thus, adding Ni may accelerate the migration velocity of oxygen ions and reduce the required voltage to reset the memory device. Thus, the filament paths are 324 VOLUME 4, NO. 5, SEPTEMBER 2016 easily formed, ruptured, and reformed. The small set/reset voltage can switch the MTN memory device compared with the MTO memory device.
To clarify the switching mechanism of the MTO and MTN-based RRAM, the logarithmic plots of the I-V curves for the positive and negative voltage sweep regions were made. For both the MTO and MTN cases, the log I−log V curve in the HRS at low voltage has a linear region with a slope of around 1.1 to 1.2, thus implying the ohmic conduction behavior.
In the high-voltage region, space-charge limited conduction can be characterized using the square law. However, as demonstrated in the XPS results, both the MTO and MTN thin films contain considerable defects, such as non-lattice oxygen ions. Defects in the thin film can form trap sites below the conduction band, where the injected charge carriers can be entrapped. When all the available traps are filled, the current density abruptly increases with an I-V slope greater than 2. In the positive voltage region, the current state maintains the LRS and shows ohmic conduction behavior with a slope of around 1, which confirms the formation of a conductive filament [26] .
The conductive cantilever is coated with Al as a movable top electrode. Given a voltage of 8 V, the filament conductivities are 1.0 and 1.6 nA for the MTO and MTN films, respectively. Thus, both the resistive switching behavior of the MTO and the MTN are related to the filament formation. As the Al CSAFM tip with contact area of about 10 nm 2 is used as a top electrode instead of an Al electrode of 3 mm 2 size, the relatively low conductivity and high operating voltages shown in the CS-AFM image compared with those in Fig. 4 are mainly caused by tip size and an additional energy barrier between the films and the tip electrode. Fig. 7 plots the scaling trend of the LRS resistance versus the cell area of the MTO, MTN, and various metal-oxide RRAMs. The LRS resistance is mainly a filamentary conduction current, and thus the LRS resistance only has a slight dependence on the cell area. These results are similar to other metal oxides [27] . Due to the random nature of the rupture/formation of the filament [7] , the variations in LRS and HRS currents during resistive switching cause problems for RRAM applications. The large distribution of switching parameters not only reduces the stability of the device, but also results in the complexity of the peripheral circuit for read/write operations. Hence, how to enhance the uniformity of the RRAM devices based on the filamentary switching is an important issue. Fig. 8 presents the statistical distribution parameters. Both the LRS and the HRS currents are measured at 0.5 V. The coefficient of variation (CV), defined as the ratio of standard the deviation to average value (AVG), is used to evaluate distribution. Both fluctuations of HRS and LRS currents in the MTN-based RRAM devices are narrowed down compared with the MTO-based RRAM devices. The CVs of HRS and LRS currents in the MTN-based RRAM devices are 16% and 1% respectively, while the relative fluctuations for HRS and LRS in the MTO-based RRAM devices are 68% and 9%. The excellent current distribution of the sol-gel MTNbased RRAM device can be attributed to the Ni that acts as a clusters and plays a critical role in the formation/rupture of cone-shaped conductive paths during resistive switching, which promotes the local alignment of oxygen vacancies among metallic-Ni clusters [12] . 10 6 , and that for the MTO-based RRAM is 10 3 . However, both the ON/OFF ratio of MTO and MTN-based RRAM decay at 85 • C. For the MTN-based RRAM, the current magnitudes do not differ significantly over 10 5 s; moreover, a 10-year ON/OFF ratio of over 10 6 and 10 4 can be extrapolated at RT and 85 • C, respectively. The smooth roughness may facilitate the stable resistive switching [11] , and a better retention ability is also achieved.
IV. CONCLUSION
By using nickel (II) acetylacetone as substitute for acetylacetone in MTO, high performance sol-gel MTN thin film RRAM has been demonstrated. The low temperature sol-gel method can offer sufficient oxygen vacancy, thus, no forming process is required. A smoother surface can be achieved because of an extremely low polymerization rate. The smooth roughness facilitates the more stable retention ability of the MTN -based memory device. The ratio of B,MTN / B,MTO is calculated and implies the increased barrier height after using Ni in MTO, thus leading to the low HRS current of the MTNbased memory device. In addition, the Ni acts as clusters and plays a critical role in the formation/rupture of cone-shaped conductive paths during resistive switching, which promotes the local alignment of oxygen vacancies among metallic-Ni clusters. Therefore, the sol-gel MTN-based RRAM devices with forming-free, high ON/OFF ratio of over 10 6 , excellent current distribution and good retention of over 10 5 at 85 • C can be achieved.
